Mitochondrial DNA is constantly exposed to oxidative injury. Due to its location close to the main site of reactive oxygen species, the inner mitochondrial membrane, mtDNA is more susceptible than nuclear DNA to oxidative damage. The accumulation of DNA damage is thought to play a critical role in the aging process and to be particularly deleterious in post-mitotic cells. Thus, DNA repair is an important mechanism for maintenance of genomic integrity. Despite the importance of mitochondria in the aging process, it was thought for many years that mitochondria lacked an enzymatic DNA repair system comparable to that in the nuclear compartment. However, it is now well established that DNA repair actively takes place in mitochondria. Oxidative DNA damage processing, base excision repair mechanisms were the first to be described in these organelles, and consequently the best understood. However, new proteins and novel DNA repair pathways, thought to be exclusively present in the nucleus, have recently been described also to be present in mitochondria. Here we review the main mitochondrial DNA repair pathways and their association with the aging process.
Introduction
DNA is constantly exposed to endogenous and exogenous agents that generate DNA lesions and induce DNA instability. Reactive oxygen species (ROS) are particularly important genotoxic agents, which are endogenously generated in mitochondria. They generate a large number of DNA lesions, including oxidized DNA bases, abasic sites, and single-and double-strand breaks. Many of these ROS-induced DNA lesions show mutagenic or cytotoxic effects due to mispair of bases, which may give rise to mutations upon DNA replication (Grollman and Moriya, 1993; Kavli et al., 2007) . DNA damage accumulation can generate blockage of DNA replication and transcription and also chromosomal rearrangements, leading to genomic instability. In order to maintain genomic integrity, different DNA repair pathways have evolved and the particular pathway employed depends, in part, upon the type of DNA damage that is being repaired. These pathways have been extensively investigated in the nucleus. For example, bulky lesions induced by UV as well as by carcinogenic compounds are removed by the nucleotide excision repair (NER) pathway, whereas simpler lesions such as alkylation or oxidation products caused by ROS are repaired by the base excision repair (BER) pathway (Seeberg et al., 1995) . Another pathway, mismatch repair (MMR), removes mismatches in the DNA, while complex lesions such as interstrand cross-links in DNA are processed by recombinational DNA repair (Bohr, 2002a) . Interestingly, some of these DNA repair mechanisms are highly conserved among species (Bohr, 2008; Krokan et al., 1997; Meyer et al., 2007; Soerensen et al., 2009) , stressing their importance in maintenance of genome integrity.
DNA damage is believed to play an important role in the aging process. The increased susceptibility to cellular loss and functional decline observed during aging has been associated with DNA integrity (Beckman and Ames, 1999; Sastre et al., 2000; Trifunovic et al., 2004) , particularly of mitochondrial DNA (mtDNA). The stability of mtDNA is constantly challenged by the endogenous production of mitochondrial ROS (mtROS), which are generated during normal electron flux through the mitochondrial electron transport. Unlike nuclear DNA, mtDNA is located in the proximity of mtROS generation-sites which are located within complex I and III of the electron transport chain (Barja, 1999; Muller et al., 2004) . In fact, the steady-state levels of oxidatively induced lesions observed in mtDNA can be several-fold higher than those in nDNA (Barja and Herrero, 2000; Hamilton et al., 2001; Richter et al., 1988) . Due to the mutagenic nature of many of the ROS-induced lesions, mitochondrial free radicals are thought to be an important source of mtDNA mutations and DNA instability. Studies performed over 30 years ago on mitochondrial capacity to repair UV-induced damage, via 0531-5565/$ -see front matter Ó 2010 Elsevier Inc. All rights reserved. doi:10.1016/j.exger.2010.01.017 nucleotide excision repair (NER), provided the basis for the notion at that time that mitochondria lacked an enzymatic DNA repair system (Clayton et al., 1974) . The higher level of oxidative lesions in mtDNA than in nuclear DNA was considered to be a consequence, in part, of the absence of DNA repair in mitochondria. However, nowadays it is well established that some DNA repair pathways actively take place in mitochondria. Furthermore, over the years characterization of known mitochondrial DNA repair pathways have improved and new DNA repair enzymes have been detected in mitochondria (Liu et al., 2008; Zheng et al., 2008; Souza-Pinto et al., 2009; Hu et al., 2005) . Newly obtained knowledge on mtDNA repair pathways include the observation that repair mechanisms thought to be present only in the nucleus also take place in mitochondria. That is the case for MMR (Mason et al., 2003; Souza-Pinto et al., 2009) , and the long-patch BER (Akbari et al., 2008; Liu et al., 2008; Szczesny et al., 2008) . On the other hand, an important question still remains unsolved: whether mitochondria posses any capabilities to repair DNA lesions via the NER pathway, despite removal of UV-induced pyrimidine lesions does not take place in mitochondria.
Because BER is the main DNA repair pathway coping with oxidative lesions, most of the investigations on mitochondrial DNA repair and aging or age-related diseases focus on mtBER. Although not the only one, BER is the best-characterized DNA repair pathway in mitochondria Robertson et al., 2009 ). This review explores the different DNA repair pathways that have been described in mitochondria together with the experimental evidences supporting the importance of these mechanisms in the aging process as well as in the aetiology of age-related diseases such as neurological disorders.
Direct repair of mitochondrial DNA damage
The most direct form of DNA repair is the chemical reversal of the aberrant DNA adducts. By the use of light, photolyase can monomerize UV-light induced cyclobutane pyrimidine dimers. Photoreactivation may take place in mitochondria of lower eukaryotes, but photolyase does not seem to exist in cells of higher eukaryotes. The major direct repair (DR) protein in the mammalian nucleus is O 6 -methyl-guanine DNA methyl transferase (MGMT).
This 'suicide' enzyme transfers the methyl group directly to a cysteine residue within the enzyme and thereby inactivates itself. It has been demonstrated that mitochondrial extracts from rat liver cells effectively removes O 6 -methyl-guanosine from mtDNA (Myers et al., 1988) , and Satoh et al. (1988) have reported the removal of O 6 -ethyl-2 0 -deoxyguanosine from mtDNA of rat liver tissue in vivo. Also, mitochondrial damage induced by methylating agents is repaired in vivo in Chinese hamster ovary cells while complex alkylation damage is not (LeDoux et al., 1992) . Together, these results suggest that a direct repair mechanism, corresponding to MGMT-directed repair in the nucleus, is present in mammalian mitochondria. The role of DR in aging is still to be elucidated.
Mitochondrial recombinational repair
Double strand breaks (DSBs) are thought to contribute to the different types of naturally occurring mtDNA rearrangements observed during aging and age-associated disease. Repair of DSBs in mtDNA may be conducted by recombination or nonhomologous end-joining (NHEJ) mechanisms, as it occurs in the nucleus. Recombination of mtDNA has been readily observed in yeast. Two proteins involved in recombination of nuclear DNA, the dsDNA binding protein Rad50 and the nuclease Mre11, have been reported to co-localize in yeast mitochondria (Sickmann et al., 2003) , and several other proteins involved in recombination have also been found in yeast mitochondria. Therefore, recombination may be a crucial mechanism of maintenance of mtDNA in yeast (Graziewicz et al., 2006) . Drosophila melanogaster seems to have an effective system to repair DSB induced by bleomycin (Morel et al., 2008) , but the mechanism and mitochondrial proteins involved remain to be identified.
Recombination of mitochondrial DNA in mammalians is much less understood. Some types of lesions believed to be repaired by recombinational repair, such as cisplatin interstrand crosslinks, are repaired in mammalian mitochondria (LeDoux et al., 1992) , whereas others, such as psoralen interstrand crosslinks, are not (Cullinane and Bohr, 1998) . Recombination activity has been reported in mammalian cell cultures both in vitro and in vivo and mammalian mitochondria can rejoin blunt-ended and cohesive linearized plasmid DNA at a low level (Lakshmipathy and Campbell, 1999) . Based on studies involving in vivo induction of multiple DSBs in mtDNA, it was suggested that infrequent intermolecular recombination is a potential consequence of DSBs in mtDNA (Bacman et al., 2009) . Nevertheless, the biological significance of the low frequency of recombination observed in mammalian cells is still unclear. Key proteins known to be involved in nuclear repair, such as RAD51, RAD52, M/R/N, ATM and others have not been detected in mammalian mitochondria. It may be speculated that mitochondrial recombinational DNA repair in mammalian cells may depend on enzymes involved in other DNA repair pathways.
Mitochondrial mismatch repair
Mismatch repair (MMR) is a post-replicative DNA repair system which corrects base mismatches and small loops. It increases the fidelity of nuclear replication 1000-fold and is conserved from bacteria to humans (Shofield and Hsieh, 2003) . The MMR pathway in humans is initiated by heterodimers consisting of homologs of Escherichia coli Mut S, which bind directly to single base mismatches and insertion/deletion loops (IDL). In both humans and yeast, MSH2 and MSH6 combine to form MutSa while MSH2 and MSH3 can form MutSb, which are the two mismatch recognizing complexes. MutSa recognizes and binds to base-base mismatches and small IDLs, while MutSb binds to larger IDLs (Larsen et al., 2005) . The downstream assembly of additional proteins involved in MMR include E. coli MutL homolog heterodimers, PCNA, hEXO1, and RPA (Li, 2003) .
Mismatch repair proteins as we know them from the nucleus have not yet been identified in mammalian mitochondria, except for MSH2, which was detected in rat mitochondrial lysates by one laboratory but not another (Chen et al., 2001; Mason et al., 2003) . One of the six MutS isoforms called MSH1 localizes to yeast mitochondria, and when disrupted causes a severe mtDNA instability phenotype (Renan and Kolodner, 1992; Chi and Kolodner, 1994a,b) . However, a homologue of MSH1 has not been found in mammals. Mammalian mitochondria repair cisplatin crosslinks, which in the nucleus are recognized by MMR as well as by NER proteins -suggesting that a functional MMR pathway may exist in mammalian mitochondria (LeDoux et al., 1992) . When Lightowlers and co-workers used a DNA repair assay, which measures the capacity of mitochondrial lysates to repair nicked heteroduplex substrates, they found that GG and GT mismatches are repaired efficiently by rat liver mitochondria (Mason et al., 2003) . The repair did, however, not seem to be directed to the nicked strand like its nuclear counterpart -but it can not be excluded that this observation can be ascribed to a methodological problem. Mitochondria from rat liver cells deficient in the essential MMR protein MSH2 were still displaying efficient MMR, which suggests that mitochondrial MMR activity is different from the classical MMR found in the nucleus. In a recent study we characterized a mismatch-binding activity in human mitochondria, which was not dependent on classical nuclear MMR factors (Souza-Pinto et al., 2009) . The mismatch-binding activity co-purified with YB-1, a multifunctional protein, known to be implicated in the nuclear BER pathway, and shown to melt mismatch-and cisplatin-containing DNA duplexes in vitro and interact with numerous proteins including MSH2 and Werner syndrome protein (WRN) (Gaudreault et al., 2004) . Cells depleted of YB-1 showed decreased cellular respiration and increased mtDNA mutagenesis, implicating this protein in mitochondrial function and mutation avoidance. Together our results show that human mitochondrial extracts do support mismatch repair and that the pathway is independent of nuclear MMR factors but involves the activity of polc and the multifunctional YB-1 protein. YB-1 has previously been reported to play a role in other nuclear DNA repair pathways including BER by interaction with various BER proteins . In the human mtMMR pathway it is likely to act as a mismatch recognizing protein.
Mitochondrial base excision repair
Base excision repair is the main DNA repair pathway coping with most alkylation and oxidative DNA lesions. The latter are mainly induced by free radicals, which are generated endogenously in mitochondria. Investigations indicate that in eukaryotic cells, mtDNA is not floating in the mitochondrial matrix. Instead, it is associated with the inner mitochondrial membrane and arranged in nucleoprotein complexes, or nucleoids (Albring et al., 1977; Holt et al., 2007) . Knowing that superoxide radicals are mainly released towards the mitochondrial matrix from the main ROS generation-sites (Barja, 1999; Muller et al., 2004) , the location of mtDNA at the inner mitochondrial membrane makes it especially vulnerable to oxidative damage. Hence, BER becomes a crucial mechanism to avoid mtDNA damage accumulation and mtDNA instability.
BER takes place both in the nucleus and in mitochondria, and although the mechanisms are similar, mitochondria possess an independent BER machinery, the components of which are coded by nuclear genes (Bohr, 2002b) . Similar to nuclear BER (nBER), mtBER involves a cascade of reactions starting with the recognition of the damage followed by enzymatic processing steps that aim to remove the lesion and restore genomic integrity (for a recent review see Wilson and Bohr, 2007) . Briefly, mtBER includes four distinct steps (Fig. 1) ; the pathway is initiated by a specific DNA glycosylase, which recognizes the modified or inappropriate base and cleaves the N-glycosidic bond, creating an abasic site. The glycosylases can be divided into mono-functional or bi-functional glycosylases. In addition to the cleavage activity towards the N-glycosylic bond, the bi-functional glycosylases also possess apurinic/apyrimidinic (AP) lyase activity, which allows the cleavage of the DNA backbone and generation of a 3 0 -deoxyribose phosphate (dRP) at the AP site. The resulting AP site is then processed by an AP endonuclease, which creates a strand break with a 3 0 -hydroxyl end and a 5 0 -(dRP) residue. Repair then proceeds with the
DNA Damaging agent filling of the single nucleotide gap by the mitochondrial DNA polymerase, pol c. Besides the polymerase activity, pol c possesses 3 0 -5 0 exonuclease and 5 0 dRP lyase activities. Thus, when mtBER is initiated by a mono-functional DNA glycosylase, the 5 0 -dRP moiety generated when the AP endonuclease cleaves the strand break can be removed by the 5 0 -dRP lyase function of pol c. Finally, the resulting nick is sealed by a DNA ligase.
The sequence of events described above illustrates the shortpatch (SP) BER, which involves the removal of the DNA lesion and the incorporation of a single nucleotide. Nuclear BER can also proceed via long-patch (LP) BER, which involves the incorporation of two to twelve nucleotides during repair synthesis (Frosina et al., 1996) . LP-BER processing of the DNA damage results in the exposure of the ancient DNA strand as part of a single strand overhang or a flap structure. These flap structures are recognized and cleaved by flap endonuclease 1 (FEN-1), which is an essential enzyme for nuclear LP-BER (Klungland and Lindahl, 1997) previous to ligation by DNA ligase. Besides, certain BER intermediates, such as oxidized AP sites, cannot be properly handled by the SP-BER (Demple and DeMott, 2002) . In the nucleus, the process of these intermediates requires the 5 0 -exo/endonuclease activity of FEN-1 and LP-BER (Sung et al., 2005) .
Until recently, it was believed that only SP-BER occurred in mitochondria. However, considering that the exposure of mtDNA to ROS generation is continuous, it is likely that oxidized AP sites are generated in mtDNA at a significant rate (Demple and DeMott, 2002) . There is now consensus that, similar to nBER, mtBER can also take place in a long-patch manner (Akbari et al., 2008; Kalifa et al., 2009; Liu et al., 2008; Szczesny et al., 2008) . Although initially FEN-1 was not detected in mammalian mitochondrial extracts (Akbari et al., 2008) , other investigations have detected FEN-1 in human (Liu et al., 2008; Szczesny et al., 2008) and mouse (Kalifa et al., 2009; Szczesny et al., 2008) mitochondria. Furthermore, the investigation by Liu and co-workers reported that FEN-1 was recovered in the mitochondrial nucleoid fraction and showed a significant dependency of mitochondrial LP-BER on FEN-1 using immunodepletion assays in human lymphoblasts. In addition, it has been reported that Dna2, a helicase/nuclease protein, interacts with FEN-1 in human HeLa cell mitochondria in the processing of the 5 0 flap structure . On the other hand, Szczesny et al. (2008) observed that LP-BER was only marginally affected when FEN-1 was depleted in human HCT116 cells (Szczesny et al., 2008) , suggesting that mitochondrial LP-BER is mediated primarily by an unidentified 5 0 -exo/endonuclease. New data show that depletion of the Saccharomyces cerevisiae FEN-1 ortholog, Rad27p, increases the frequency of mtDNA mutations, supporting a role of FEN-1 in the mitochondrial LP-BER (Kalifa et al., 2009 ).
As mentioned above, all the proteins involved in the DNA repair mechanisms in mitochondria are coded in the nuclear DNA, most of them being splice-variants, alternative translation-initiation products, or post-translationally modified versions of the nuclear-encoded protein forms (Nakabeppu, 2001; Nilsen et al., 1997; Nishioka et al., 1999) . Interestingly, Stuart et al. (2005) reported that most of the mitochondrial enzymes involved in SP-BER were not freely soluble in the mitochondrial matrix. Instead, they constitute a multiprotein complex, which is strongly associated with an inner membrane-containing particulate fraction, and independent of mtDNA binding (Stuart et al., 2005) . The association of the proteins involved in the mtBER to the inner mitochondrial membrane may be crucial for the efficiency of the whole mtDNA repair process, since mtDNA is associated to the inner mitochondrial membrane (Albring et al., 1977) and the main sites of mitochondrial ROS generation are located in the inner mitochondrial membrane as well (Barja, 1999) . A model illustrating the location of some of the described mitochondrial components is shown in Fig. 2 .
DNA glycosylases
The first step of the BER is catalyzed by DNA glycosylases. These enzymes recognize the modified or inappropriate base and cleave the N-glycosidic bond, creating an abasic site. Fig. 2 . Mitochondrial generation of ROS, mtDNA damage and mtDNA repair occur in close proximity at the mitochondrial inner membrane. Schematic representation of the mitochondrial inner membrane with the electron transport chain (ETC) complexes, nucleoids, mtDNA and BER proteins. Electron leak occurs from complexes I and III (Barja, 1999) , leading to the formation of superoxide radical towards the mitochondrial matrix. The mitochondrial DNA is associated in nucleoprotein complexes (nucleoids) to the mitochondrial inner membrane in close proximity to the ETC and the sites of ROS generation, increasing the rate of oxidative attack to mtDNA. In order to avoid mtDNA mutation accumulation due to oxidative damage, mtDNA repair mechanisms are required. Some mitochondrial proteins involved in BER have been located to the nucleoids such as polymerase c (Garrido et al., 2003) and FEN1 (Liu et al., 2008) . Moreover, mitochondrial BER activity has been shown to localize to an inner membrane-associated particulate fraction, and electrostatic interactions have been suggested to mediate the association of mitochondrial BER proteins with the mitochondrial inner membrane (Stuart et al., 2005) . Black arrows, electron flux; white/red arrows, electron leak and ROS production; Cx, complex; UQ, ubiquinone. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) (Robertson et al., 2009 ), but only a few of them have been detected in mitochondria (Slupphaug et al., 2003) .
One of the most extensively investigated mitochondrial DNA glycosylases is Ogg1. Ogg1 is a DNA glycosylase with AP lyase activity that recognizes and cleaves 8-hydroxy-guanine (8-oxoG) from DNA (Bjorås et al., 1997; Zharkov et al., 2000) . 8-oxoG is a mutagenic lesion when present in double-stranded DNA, because it can mispair with adenine, leading to GC to TA transversion mutations (Grollman and Moriya, 1993) . Ring-opened formamidopyrimidine lesions (4,6-diamino-5-formamidopyrimidine (FapyA) and 2,6-diamino-4-hydroxy-5-formamidopyrimidine (FapyG)) have been detected in mouse liver genomic DNA at similar or higher levels than 8-oxoG (Hu et al., 2005) , suggesting that the endogenous accumulation with age of the formamidopyrimidines may be higher than that of 8-oxoG. However, 8-oxoG is the DNA lesion that has been most broadly used as a DNA damage marker, both in nuclear and mitochondrial DNA (Richter et al., 1988; Shigenaga et al., 1994; Barja and Herrero, 2000) . This is because 8-oxoG is relatively easy to detect and measure, but not because it is established as the most frequent or most biologically important lesion.
The human OGG1 gene produces two major distinct transcripts via alternative splicing (Nishioka et al., 1999) . While only one isoform of Ogg1 has been described in rodents, two different isoforms of Ogg1 proteins have been identified in humans: a-Ogg1, and bOgg1. b-Ogg1 appears to be localized exclusively in mitochondria (Nishioka et al., 1999; Takao et al., 1998) and, although the a-isoform is mainly present in the nucleus, it has been described to be present to a lesser extent in the mitochondria as well (Hashiguchi et al., 2004) . Furthermore, Hashiguchi et al., reported that the bform is a non-active splice variant with unknown function and that the a-Ogg1 isoform is the one accounting for the 8-oxoG repair activity both in nuclei and mitochondria. It is unclear what the role of bOGG1 is in mitochondrial DNA metabolism. Our own studies have indicated that there is no evident role for bOGG1 in mitochondrial BER, but other studies have indicated a role for it in apoptosis (Oka et al., 2008) ). In contrast to the situation for aOGG1 very little is known about protein interactions for bOGG1, but it would be of great future interest to explore these further. Mammalian Ogg1 has been shown to posses glycosylase activity not only towards 8-oxoG, but also towards other oxidative lesions such as 8-oxoA and FapyG (Jensen et al., 2003; Zharkov et al., 2000) .
The first DNA glycosylase activity identified was the uracil-DNA glycosylase (UNG) in E. coli (Lindahl, 1974) . Uracil in DNA emerges by deamination of cytosine or by misincorporation of dUMP (Hagen et al., 2006) . The removal of uracil from DNA is crucial due to its ability to pair with adenine, causing GC to AT transition mutations upon replication (Duncan and Miller, 1980) . In mammals, two different forms of UNG, nuclear (UNG2) and mitochondrial (UNG1), are encoded by the UNG gene and are generated by alternative transcription initiation sites and alternative splicing (Nilsen et al., 1997) . They share a common catalytic domain, and hence substrate specificity for uracil. However, they differ in the N-terminal sequence that determines the subcellular sorting as well as the interaction with other proteins. Although other DNA glycosylases have been described to catalyze the excision of uracil residues from DNA (Haushalter et al., 1999) , UNG1 and UNG2 are the most efficient DNA glycosylases removing uracil, catalyzing excision of uracil from both single-and double-stranded DNA (Slupphaug et al., 1995) . Moreover, UNG1 is the only uracil-DNA glycosylase known to be present in mammalian mitochondria (Akbari et al., 2008) .
A new group of DNA glycosylases, named NEIL, have recently been identified in mammalian tissues (Hazra et al., 2002a (Hazra et al., , 2002b . They are homologous of the E. coli DNA glycosylases Fpg/ Nei, and primarily excise oxidized purines such as FapyG and FapyA. NEIL1, NEIL2 and NEIL3 have been identified in mammalian genomes, and characterization of the specific activities indicate that, in addition to excision of fapy intermediates, NEIL1 and NEIL2 are also involved in repair mechanisms of oxidative lesions in transcribed or replicating DNA and are bi-functional enzymes (Dou et al., 2003) . Unlike other bi-functional DNA glycosylases, NEIL1 and NEIL2 generate DNA strand breaks with 3 0 -phosphate termini, which are then removed in an APE endonuclease independent mechanism mediated by the polynucleotide kinase (PNK) (Wiederhold et al., 2004) . Although NEILs were initially localized in the nucleus, Hu et al. (2005) have reported the presence of NEIL1 in mouse liver mitochondria, and NEIL activity has recently been observed in mouse brain mitochondria as well (Gredilla et al., 2008) . Whether PNK, or another enzyme possessing 3 0 -phosphate activity, is involved in the processing of the 3 0 -phosphate termini in mitochondria is unclear. However, PNK has been located primarily in nuclei (Karimi-Busheri et al., 1999) and described to be involved mainly in nuclear DNA repair events (Bernstein et al., 2005) , thus it is possible that the processing of the 3 0 -phosphate termini in mitochondrial DNA is mediated by a different enzyme than in the nucleus. The importance of this new set of DNA glycosylases in the maintenance of mtDNA has been confirmed by NEIL1 knock-out mice. These mice accumulate mtDNA deletions to a higher extent than wild type mice in hepatic tissue and in some cases develop symptoms associated with the metabolic syndrome (Vartanian et al., 2006) . NEIL1 and NEIL2 share part of the substrate specificity with another DNA glycosylase, NTH1. The mammalian NTH1 is an ortholog of E. coli endonuclease III (Nth). It is a DNA glycosylase with AP lyase activity that excises a wide range of pyrimidine lesions, including thymine glycol and 5-hydroxy cytosine. Moreover, it has been described to remove Fapy residues in human cells (Luna et al., 2000) . NTH1 appears to localize mostly in mitochondria in mice (Ikeda et al., 2002) . However, human NTH1 has been shown to localize almost exclusively to the nucleus (Ikeda et al., 2002; Takao et al., 1998) , even though it contains a putative site sensitive to mitochondrial matrix proteases (Takao et al., 1998) .
AP endonuclease
After a DNA glycosylase has removed the modified or erroneous base, the resulting abasic site is further processed by an AP endonuclease. APE1 has been described to be the main AP endonuclease in mammalian cells (Demple and Harrison, 1994) . A second mammalian AP endonuclease protein (APE2) has been described in human cells (Hadi and Wilson, 2000; Tsuchimoto et al., 2001 ), however, with no detectable APE activity (Ribar et al., 2004; Wiederhold et al., 2004 ). APE1 has two major enzymatic functions: (a) cleavage of the phosphodiester backbone 5 0 to AP sites, generating 3 0 -OH substrates for DNA polymerases; (b) 3 0 -diesterase activity specific for the 3 0 -dRP products generated by b-elimination by bifunctional glycosylases, again creating 3 0 -OH substrates for DNA polymerases (Demple and Harrison, 1994) . In addition, APE1 also has a redox activity (Tell et al., 2005) that is involved in signal transduction, and not very well understood.
Unlike most of the enzymes taking part in the BER process in mitochondria, the nature of mtAPE still remains unclear. It has been suggested that the mitochondrial APE is an N-terminal truncation product of APE1 (Chattopadhyay et al., 2006) . Moreover, the deletion of the N-terminal residues, which contain the nuclear localization signal, induced a 3-fold increase in the specific activity of mtAPE. However, Chattopadhyay and co-workers reported that the presence of the truncated APE1 protein at a significant level was restricted to bovine liver, while only full-length APE1 was detected in mitochondrial extracts of various human cell lines. Unlike knock-out (KO) mice for most of the individual DNA glycosylases, which do not exhibit a significant phenotype due to the partial redundancy among these enzymes, APE1 KO mice show embryonic lethality (Ludwig et al., 2009) , confirming the critical role that APE1 plays in cell survival. However, in addition to its AP site processing activity, APE1 functions as a transcriptional co-activator for different transcription factors, thereby participating in the control of several different important cellular mechanisms such as apoptosis, proliferation, and differentiation (Tell et al., 2005; Xanthoudakis et al., 1992) . Thus, it remains to be established if the embryonic lethality observed in APE1 KO mice is due to its role in BER or in transcription.
In the nucleus, the processing of AP sites is not always APE1-dependent. The description of the new NEILs in mammalian cells and the characterization of the mechanisms of action of these glycosylases questioned the absolute requirement of APE1 in BER. NEIL2-initiated repair of oxidized bases in nuclear DNA has been reported to occur in an APE-independent manner . Instead, the 3 0 -phosphate at the strand break left after bd-elimination by the bi-functional NEIL1 and NEIL2 is processed by the mammalian polynucleotide kinase (PNK) (Das et al., 2006; Wiederhold et al., 2004) . Further investigation is needed to determine whether the NEIL-initiated BER takes place in mitochondria in an APE-independent manner as well.
DNA polymerase and DNA ligase
Independent of whether the AP site is processed by the short-or long-patch subpathway, the next step in the BER pathway is catalyzed by a DNA polymerase, which will insert the correct nucleotide(s) in the generated gap. Mammalian mitochondria posses a single DNA polymerase, polymerase c (polc), which functions in all replication, recombination and repair processes involving mtDNA. Together with the DNA synthesis activity, the mtDNA polymerase in mammalian cells has an inherent 3 0 -5 0 exonuclease activity necessary for proof-reading newly synthesized mtDNA together with a 5 0 -dRP lyase function, both of which are important for accurate gap-filling and termini processing during BER (Graziewicz et al., 2006) . Similar to APE1 KO mice, Polc KO mice show embryonic lethality (Hance et al., 2005) . Again, since polc is involved not only in DNA repair but also in replicative events, it is not possible to discriminate the repair capacity from the KO lethality. Interestingly, the creation by two independent groups of a knock-in mice expressing proof-reading deficient pol c, but conserving its replicative function has provided the first direct evidence that accelerating the mtDNA mutation rate results in premature aging (Trifunovic et al., 2004; Kujoth et al., 2005) .
The final step of mitochondrial BER, the ligation of the remaining single-strand nick is catalyzed by a DNA ligase. The human mitochondrial ligase is DNA ligase III, a splice variant from the LIG3 gene which encodes both the nuclear and mitochondrial enzymes (Lakshmipathy and Campbell, 1999) . Nuclear and mitochondrial variants appear to differentially interact with other proteins involved in DNA repair, such as XRCC1. XRCC1 interacts with the nuclear variant of LIG3 and stabilizes it (Thompson and West, 2000) , while mitochondrial DNA ligase III has been described to be independent of XRCC1 (Lakshmipathy and Campbell, 2000) .
Single strand breaks (SSBs) are some of the most common lesions found in chromosomal DNA. In SSB repair, PARP-1 is believed to function as a SSB sensor that binds to the break and attracts ligase 3. The repair of SSBs then follows essentially the same procedure as BER. Interestingly, it was very recently demonstrated that the predominantly nuclear enzyme, PARP-1, localizes to mitochondria, associates to mitochondrial DNA, and is involved in maintenance of mitochondrial DNA integrity (Rossi et al., 2009) .
Increasing knowledge on the mitochondrial DNA repair regulation as well as in the proteins that are actually present in mitochondria suggest that other still unknown proteins and pathways may play important roles in the mtDNA repair mechanisms. Fig. 3 gives an overview of the current knowledge regarding DNA repair pathways shown to function in mitochondria.
6. Base excision repair: a conserved mechanism involved in the aging process All living organisms are exposed to DNA damaging agents, and DNA repair pathways have evolved as important systems for maintenance of DNA stability and cell survival. E. coli and the yeast S. cerevisiae are the two model organisms in which DNA repair has been described in most detail. Homologues between prokaryotes and eukaryotes have been reported in different repair pathways (Aravind et al., 1999; Gros et al., 2002) . Proteins in the main DNA repair pathways are highly conserved and several of them contain highly conserved sequences. Besides, most of the genes involved in DNA repair are also present in higher plants (Kimura and Sakaguchi, 1997) . Such high degree of conservation indicates that DNA repair pathways are fundamental mechanisms in cell survival. BER is not an exception, and many of the genes involved in this repair pathway are highly conserved from bacteria to humans. Examples are those coding for UNG and NTH1 Sarker et al., 1998; Soerensen et al., 2009 ). Alignment of these BER protein sequences has revealed high levels of sequence conservation. The human and the bacterial UNG proteins possess 55.7% identical residues (Olsen et al., 1989) , while the protein sequence of the human NTH1 showed showed 81.0% identity to the mouse homologue (Sarker et al., 1998) and 47% identity to the Podospora anserina homologue (Soerensen et al., 2009 ). The similarity significantly increases when conservative amino acids are included in the comparison, reaching 73.3% when comparing the human and bacterial UNG (Olsen et al., 1989) .
Model organisms other than mammalian species are excellent model systems for the study of the mechanisms underlying the aging process (Strehler, 1962) . The advantage being that they have relatively short life span and genetic modification is easier than in mammals. Along with the studies performed in unicellular organisms, multicellular eukaryotes such as Caenorhabditis elegans (Hyun et al., 2008a,b; Meyer et al., 2007; Morinaga et al., 2009) , or filamentous fungi like P. anserina (Goldman et al., 2002; Soerensen et al., 2009 ) may become important models in DNA repair and Fig. 3 . Overview of DNA repair pathways shown to function in mammalian mitochondria.
aging research. Together with the studies carried out in human cells and in other mammals, these investigations may notably contribute to the understanding of the role of DNA repair mechanisms in the aging process, particularly those taking place in mitochondria.
Although the DNA repair mechanisms in mitochondria are not as well known as those taking place in the nucleus, the knowledge on mtDNA repair functions is increasing. Currently, it is of great interest to understand whether the mtDNA repair mechanisms, particularly BER, play an important role in the aging process and age-associated diseases. Increased oxidative damage and mutations in mtDNA have been observed in different tissues during aging, and the role of such an increase has been linked to aging in mammals (Barja, 1999; Beckman and Ames, 1999; Bender et al., 2006; Kujoth et al., 2007; Melov, 2004) . The effects of mtDNA damage and mutations are believed to be particularly important in tissues containing post-mitotic cells, since these cells can not be replaced by intact ones. Together with the accumulation of mtDNA damage with aging, it has been reported that oxidative damage to mtDNA in cardiac and neuronal tissue is inversely related to the maximum life span potential (MLSP) in mammals (Barja and Herrero, 2000) suggesting that such accumulation may play a causative role in the determination of lifespan. Different investigations have analyzed whether DNA repair mechanisms are also related to MLSP determination. When the UV-light induced DNA damage was investigated, DNA repair activities were inversely correlated to MLSP in mammals (Hart and Setlow, 1974) . Similarly, in a recent investigation on C. elegans strains showing different longevities, long-lived strains showed higher rates of UV-induced DNA damage repair than the wild type nematodes. These studies provide evidence that NER repair capacity correlates with MLSP (Hyun et al., 2008b) . However, when the relation of BER and MLSP was investigated, the results were different. Brown and Stuart (2007) reported that BER enzyme activities in fibroblast whole cell extracts showed either no correlation (APE1), or correlated negatively (polymerase b) with MLSP in mammals. Similar results have been observed when mitochondrial BER was investigated in relation to MLSP. Caloric restriction is the only experimental manipulation that increases maximum life span in several species . Although caloric restriction has been reported to enhance BER in the nucleus (Cabelof et al., 2003) , Stuart et al. (2004) showed that the mtBER capacity did not change significantly in liver and even decreased in the brain and kidney of calorically restricted rats. Likewise, Soerensen et al. (2009) have recently observed that the activity of BER enzymes in mitochondrial extracts of two different long-lived strains of P. anserina is significantly lower than in the wild-type mates. The results obtained for mtBER may reflect an internal balance between DNA damage and DNA repair. Similar to mtDNA oxidative damage, mtROS generation is inversely correlated to maximum life span in mammals (Ku et al., 1993; Lambert et al., 2007) . Moreover, mitochondria from caloric restricted rodents have been shown to generate ROS at lower rates than ad libitum fed animals (Sohal et al., 1994a; Gredilla et al., 2001) , and the levels of oxidative damage to DNA have been reported to be lower in restricted animals as well (Sohal et al., 1994b; Gredilla et al., 2001; Sanz et al., 2005) . Similarly, long-lived strains of P. anserina generate lower mitochondrial ROS (Gredilla et al., 2006) and show lower mtDNA instability (Borghouts et al., 1997) than in the wild-type strain. Hence, when the mtDNA damage is significantly reduced, it is possible for the organism to invest less energy in DNA repair capacity without negative consequences. Since BER activities and the overall BER capacity are known to be up-regulated in vivo, in part by oxidative stress (Cabelof et al., 2002; Mitra et al., 2007; Akbari et al., 2006) , it is likely that reduced oxidative stress has the opposite effect, leading to down-regulation of the mtBER, so it is proportional to the rate of mtDNA damage. In order to completely understand the role of DNA repair mechanisms in MLSP determination, it would be necessary to investigate whether the mechanisms of mtDNA repair correlate with life span in mammals.
On the other hand, compiling evidence supports that BER is altered in aging, and that deficiencies in mtBER, particularly in postmitotic tissues, play a role in cell function and survival. The recent creation of the knock-in mice expressing proof-reading deficient pol c appears as a promising good mouse model in which to investigate the causative link between mtDNA mutation accumulation and aging, and the role that mtBER may play in the process Kukat and Trifunovic, 2009 ). In various tissues of this mouse model, mtDNA point mutations as well as mtDNA deletions accumulate at a much higher rate than in the wild type mice (Trifunovic et al., 2004; Kujoth et al., 2005) . However, how the accumulation of mtDNA mutations lead to the loss of mitochondrial function and aging is still discussed. Investigations on brain and heart samples have suggested that it is the accumulation of large mtDNA deletions and clonal expansion, instead of mtDNA point mutations, that drive the premature aging phenotype (Vermulst et al., 2008 (Vermulst et al., , 2007 . However, after performing research on hepatic and cardiac tissues, Edgar et al. (2009) recently reported that circular mtDNA molecules with large deletions represent only a minor proportion of the total mtDNA in this mouse model, and suggested that random point mutations occurring in mtDNA are the driving force behind the premature aging phenotype. The mechanisms by which mtDNA mutations are generated in post-mitotic and mitotic tissues have been suggested to be different (Reeve et al., 2009) . It has been proposed that in post-mitotic cells, such as neurons, mtDNA deletions occur primary during repair of damaged DNA rather than during DNA replication, whereas in mitotic tissues mtDNA point mutations are more likely to be caused during replication (Krishnan et al., 2008) . This could lead to significant differences in the type of mtDNA mutations being detected in postmitotic and mitotic cells during normal aging. Thus, for substantia nigra neurons from aged individuals and Parkinson's disease patients direct evidence exists of mitochondrial dysfunction due to accumulation of mtDNA deletions (Bender et al., 2006; Kraytsberg et al., 2006) , while mtDNA point mutations has been reported to occur rarely in these neurons during aging (Reeve et al., 2009) . Changes in mitochondrial BER fidelity with age play a role in mtDNA damage accumulation, contributing to age-related decline. Mitochondrial BER capacity has been described to be organ-specific, with the brain being one of the tissues with the lowest capacity (Karahalil et al., 2002) . Various studies have investigated the role of changes in mitochondrial BER in age-related functional decline, showing tissue specific age-related changes. While an increase in APE1 and increases or no changes in DNA glycosylase activities have been observed to occur during aging in mitochondria from liver and heart of rodents (Mitra et al., 2007; Souza-Pinto et al., 1999 , 2001 ), a general decline in DNA glycosylases has been observed in brain cortical mitochondria in rats (Chen et al., 2002) and mice (Imam et al., 2006; Gredilla et al., 2008) . Moreover, important differences in mtBER have been observed among various brain regions during aging (Gredilla et al., 2008) . The cortical region and the cerebellum have been described to accumulate less mtDNA lesions with aging and to be more resistant to oxidative stress conditions (Brown et al., 2004; Filburn et al., 1996; Hota et al., 2007) . Interestingly, those regions showed higher BER capacity than hippocampus, which has been described to be a much more vulnerable region in the brain (Brown et al., 2004; Filburn et al., 1996; Abd El Mohsen et al., 2005) . These results support the idea that mtBER plays a critical role in the development and maintenance of the central nervous system during aging (Weissman et al., 2007) . Recent investigations in our laboratory support the relevance of mtBER in brain aging and the importance of the central nervous system heterogeneity in these processes (Gredilla et al., unpublished results) . In addition to these studies, increasing Ogg1 activity in mitochondria from oligodendrocytes after targeting hOGG1 into mitochondria increases cell survival and protects against induced-oxidative stress (Druzhyna et al., 2003) . Recently, studies in the aging model P. anserina have shown that in this model, aging is also associated with a decrease in mitochondrial BER (Soerensen et al., 2009 ), contributing to the observed mtDNA instability in the aged fungi (Borghouts et al., 1997) . Taken together all these data suggest that there is a relationship between DNA damage, increased DNA damage repair and aging. Further investigations will clarify whether other DNA repair mechanisms are involved in the aging process as well.
Investigations of the role of BER on aging that have been performed in human samples have mainly focused on nuclear BER, with a limited number of studies addressing the role of mtBER. Several reports have associated mtDNA mutations and deletions with Alzheimer's disease (AD) (Chang et al., 2000; Hutchin and Cortopassi, 1995; Davis et al., 1997; Coskun et al., 2004; Lin and Beal, 2006) and recent data show that a significant decline in total BER takes place in the cortical area of AD patients (Weissman et al., 2007) . Moreover, it has been reported that targeting hOGG1 into mitochondria increases survival and protects against induced-oxidative stress in various cell types including oligodendrocytes and INS-1 cells (Druzhyna et al., 2003; Rachek et al., 2006) , and that mitochondrial BER activity decreases in cultured human fibroblast with higher passage number (Shen et al., 2003) .
In order to understand the normal aging process in humans, genetically inherited premature aging syndromes are valuable tools that have been widely used (Bohr, 2002a) . Among them, the DNA repair defective disease Cockayne syndrome (CS) shows deficiency in transcription coupled nucleotide excision repair. CS is a multisystemic disease characterized by developmental and neurological abnormalities and premature aging. Although NER is the most important repair pathway affected in this syndrome, recent investigations indicate that BER is affected as well. In the CS complementation group B (CSB), a deficiency in the repair of 8-oxoG has been reported both in whole cell extracts (Dianov et al., 1999) and in mitochondria from human CSB-deficient cells (Stevnsner et al., 2002) . However, the precise mechanism by which CSB participates in the repair of 8-oxoG in the nuclear or in the mitochondrial DNA is not yet known. Nevertheless, it is likely that impairment in mtBER contributes to the neurological phenotype and progression of the disease in CSB patients . In Xeroderma Pigmentosum (XP) complementation group C (XPC), another rare autosomal recessive disorder with impaired NER activity, a significant impairment in 8-oxoG repair has recently been described in the nucleus as well (D'Errico et al., 2006) . Similar to CS, it has been suggested that such decline in the repair of oxidative lesions may significantly contribute to the neurological symptoms observed in XPC patients (D'Errico et al., 2006) .
In conclusion, several investigations strongly support the hypothesis that mtBER impairment and mtDNA instability contribute to aging. Further investigation is required in order to confirm the role of mtBER in the determination of MLSP in mammals as well as whether other mitochondrial DNA repair pathways that are now known to take place in mitochondria play a role in the aging process. Finally, certain DNA adducts, such as those derived from lipid peroxidation, are processed via NER. Such adducts are likely to be generated in mtDNA, since mitochondrial phospholipids are main targets of mitochondrial free radicals and mtDNA is associated with the inner mitochondrial membrane. Thus, it is tempting to speculate about the potential presence of NER-like mechanisms in mitochondria, even though UV-induced DNA damage is not repaired in these organelles. Further knowledge of how DNA repair takes place in mitochondria will provide help to find strategies to potentially retard mtDNA mutations and hence cellular dysfunction observed during aging and with age-related diseases.
